Introduction
It is probable that critical levels of phenylalanine in tissue are important for the normal functioning of the central nervous system. The high levels of phenylalanine found in blood and brain of phenylketonuric children (PKU) appear to produce severe brain damage, since a diet low in phenylalanine instituted during the first weeks of life permits nearly normal development [5] . Brain development is also affected in rats fed excessive quantities of L-phcnylalanine [15, 26] . Recent reports [4, 8, 12] indicated that excessive depletion of phenylalanine retards growth and mental development of children and impairs the ability of rats to perform in behavior tests.
The biochemical changes characteristic of generalized amino acid deficiency (protein malnutrition) in rat brain have been extensively studied [27, 28] , but the effects of excess or deficiency in one single amino acid have not been so well studied. The present paper reports the effects of diets high or low in phenylalanine on the amounts of DNA, RNA, protein, and amino acids in the brains of young rats.
Materials and Methods
Male rats of the Sprague-Dawley strain, approximately 6 weeks old (mean body weight at beginning of experiment 148.89 ± 3.93 g SD), were given tap water ad libitum and caged in pairs in a room with controlled illumination (lights on from G AM to G PM). The rats were purchased for the experiment from a commercial supplier [30] .
Rats were randomly allotted to groups. To maintain normal, high, and low phenylalanine levels in blood, a commercial preparation, Lofenalac [31] , very low in L-phenylalanine content, but otherwise nutritionally complete was used. The chemical composition of 100 g Lofenalac powder is as follows (in g): total nitrogen, 2.4; fat, 18; carbohydrate, 57; minerals, 5; adequate amounts of vitamins and amino acids, with the exception of phenylalanine, which is present in the amount of 0.06 g. When added, L-phcnylalanine was first dissolved in hot water and then mixed with the powder in a blender [32] .
Experimental Groups
Group A (controls fed ad libitum): six rats were fed Lofenalac and L-phenylalanine was added (0.26 g/100 ml) to meet normal nutritional standards. Group B (high L-Phe diet): six rats were fed Lofenalac and 7 g/100 ml of L-phenylalanine were added. Group C (low L-Phe diet): six rats were fed Lofenalac without supplement of L-phenylalaninc. Each group of experimental rats was fed ad libitum for 2 weeks. Since it is known that unbalanced amino acid mixtures produce a reduction in food intake [9] , a second control group (pairfed controls) was fed the same amount of Lofenalac with 0.26 g/100 ml L-phenylalanine as was taken by both experimental groups.
Biochemical Analysis
The animals were killed by decapitation. Prior to death, blood was drawn by cardiac puncture to determine phenylalanine levels [18] . The brains were immediately removed with the medulla trimmed off. The remaining tissue, including cerebellum, was used for determinations of amino acids, nucleic acids, and proteins.
Nucleic acids were extracted after homogenization of the brain in a salt solution (0.25 M sucrose, 0.001 M MgCl 2 , 0.05 M KC1, 0.033 M CaCl 2 , and 0.01 M Tris-HC1, pH 7) [20] . The RNA was determined by the orcinol reaction [13] , DNA by the method of Ceriotti [6] , and protein by the method of Lowry el al. [16] . To determine amino acid content, brain tissue was homogenized in 1% picric acid with 5 strokes at 10 sec each of a motor-driven Teflon pestle. Samples were stored at -20° until the day of analysis. Amino acids were analyzed by the gradient elution column chromatography method of Spackman et al. [25] as modified by Piez and Morris [22] using an automatic amino analyzer [33] . The method did not resolve successfully the peaks for threonine and serine, and hence these are reported as a single value.
Results
The results (Table 1) indicate that high L-phenylalanine intake (group B) causes high phenylalanine levels in both brain and blood. Brain weight in these animals was lower than in controls (group A). Body weight was also affected. The mean body weight of 96 g after 2 weeks of treatment was considerably below the initial body weight (mean: 148.89 g) at the start of treatment, indicating that rats of group B were severely intoxicated by the phenylalanine. A striking finding was the reduction of the total amount of brain RNA and protein in animals with high concentrations of phenylalanine in blood and brain. The DNA was not significantly changed. 1 Six animals were used in each group. J At: control group fed ad libitum. Aii: control group received the same amount and composition of food that experimental animals received (with exception of the ainino acid, L-Phe). There was no significant difference between both control groups. B: group fed high L-Phc diet. C-group fed low L-Phc diet.
• Mean ± SE. 4 Mean ± SE of average of 3 consecutive days' intake of individual rat.
• Mean =fc SE of average of two samples for the same animal.
• Probability (Student's 1 test); NS = no significance.
Restriction of L-phenylalanine intake (group C) resulted in significantly low body and brain weights and in low phenylalanine levels in plasma. The content of phenylalanine in the brain was not significantly diminished after 2 weeks of restricted L-phenylalanine intake. The resistance of the brain to depletion of phenylalanine might explain why there were no significant changes in DNA, RNA, and protein content of the brain.
The high L-phenylalanine diet (group B) led to significant increases in the levels of phenylalanine and tyrosine in brain, and significant reductions in the content of valine, methionine, isoleucine, and leucine in brain tissue. Serine and threonine, estimated together, were also decreased (Table II) .
The restriction of L-phenylalanine (group C) produced only an increase in glycine content of the brain (P < 0.05) (Table II) , but it did not produce changes in any of the other ainino acids found in brain. Phenylalanine and tyrosine levels were not different from those found in controls.
Discussion
The changes in RNA and protein content found in brain of rats fed high phenylalanine diets seem to indicate that high phenylalanine diets affect protein and RNA metabolism in the central nervous system.
Cerebral protein synthesis appears to be particularly sensitive to changes in endogenous levels of amino acids [24, 29] . Mase el al. [17] , in studies of amino acid incorporation into proteins of brain cortex slices, have arrived at similar conclusions. Evidence for adverse effects of low and high phenylalanine diets on protein synthesis during brain development have been provided by the work of Dierks-Ventling et al. [8] . They reported that when either diet was given to the mother rats during lactation and then the same diet to the weanlings, a depletion in certain brain enzymes ensued, which could be explained as an advance effect on protein synthesis. Recently, disaggregation of brain polyribosomes and decreased in vitro uptake of radioactive lysine have been reported in young rats i-eceiving sufficient L-phenylalanine by intraperitoneal injection to cause hyperphenylalanemia [1] .
In the present experiments, changes in RNA and protein metabolism took place at a time when the active period for RNA and protein synthesis was over 1 Mean ± SE (as mg/100 g wet wt). * By our method, threonine and scrinc were not separated, and the values are given together using the calculation factor for serine. * Significantly different at <0.01, columns two and three. * Significantly different at <0.05, columns two and three.
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CASTELLS, ZLSCIIKA, AND ADDO and after only 2 weeks of high i.-phenylalanine intake. This is of interest, since it indicates that the toxicity of phenylalanine is not limited to the period of brain development. Barbate) el al. [2] have reported no effects on rabbit brain RNA metabolism of high levels of phenylalanine sustained for 2-1 hr. The disagreement in results is probably due not only to the use of different experimental conditions and animals but also to the length of exposure to high intakes of phenylalanine.
The decreased food intake in the group fed high i.-phenylalanine diets (grottf) li) seems unlikely to be the cause of low RNA and protein content of brain, since the low L-phenylalanine group (group C) had almost the same intake (with exception on the amount of i.-phenylalanine) as did the experimental phenylketonuric rats. The latter group did not manifest changes in RNA anil protein content in brain. The absence of changes in brain content of RNA and protein of the pair-fed controls provides further evidence of the specific toxicity of high phenylalanine diets on brain biochemistry. The lack of differences in DNA content (which might be considered to represent total brain cell number) could be related to the age of the rats when the experiments were done, since the most active period for brain DNA replication is over by 28 days.
The concentration of aniino acids in brain is very sensitive to phenylalanine levels as shown by changes in the brain free aniino acids content caused by a single injection of i.-phcnylalaninc [3] . In our experiments, prolonged high levels of phenylalanine in plasma and correspondingly high concentration in the brain resulted in a pronounced increase in tyrosinc in brain and in a significant depletion of cerebral pools of valine, methionine, isoleucine, and leucine. The combined value of serine and threoninc was decreased in the high L-phcnylalaninc groups. These results are similar to the findings of McKcan ft al. [19] , who have also reported a significant depiction of cerebral pools of valine, methionine, isoleucine, leucine, and threoninc alter acute and chronic administration of L-phcnylalanine to immature and mature rats.
Such specific patterns of change in the amino acid pool of animals with high levels of phenylalanine in brain stands in contrast to the concept prevailing for so many years of an impenetrable blood-brain barrier for amino acids. This concept was based on in x'iz'o experiments suggesting that the brain was slowly taking up aniino acids injected into the blood, when other tissues appeared to be able to take up amino acids readily.
Recently, Ford and Rliines [11] have presented data indicating that the uptake of certain amino acids by ventral horn neurons exceeds that seen in even such a metabolically active organ as the liver.
It would seem from the changes found in our studies that the mechanisms which influence the entry of aniino acids into the brain arc apparently amino acidspecific and arc not relevant to the old concept of a static blood-brain barrier. Also the specific demands of a particular site in the brain [10] and the turnover of proteins into which the aniino acids will be incorporated [14] are determining factors.
The pronounced increase in tyrosinc values in brain is an important finding considering the role of this aniino acid in the synthesis of certain biogenic amines. Since the tyrosinc intake of the hypcrphenylalaninemic rats was almost 50% less than in controls (food intake was reduced by that amount), it would seem that tyrosinc was coming from the hydroxylation of phenylalanine, although Rendina ct al. [23] have also found increased levels of tyrosinc in brain liomogenates of rats fed excesses of i.-phcnylalaninc but with no increase in hepatic phenylalanine hydroxylasc activity.
It has been found that the penetration of tyrosinc into rat brain is markedly alfected by other amino acids [7] . Neainc [21] has observed during in vitro studies that tyrosinc and phenylalanine share a carrier system, suggesting that high levels of phenylalanine interfere with the transport of tyrosine into brain. Our findings of high levels of tyrosine in brain seem to indicate that this may not be totally true in vivo. Thus, the proposal that mental retardation in children with PKU may be due to a depression in available tyrosine for amino synthesis appears to lack support.
Today, a diet with limited phenylalanine content constitutes the sole therapeutic strategy for children with PKU. Since Lofenalac is used for the treatment of phcnylketonuria, it was of importance to see whether severe restriction of phenylalanine was able to produce changes in amino acids levels in brain. Low blood levels of phenylalanine appeared to be less damaging to the amino acid pool than high levels, failing to change the concentration of phenylalaninc in brain and producing only an increase in glycine content.
The absence of changes in RNA, DNA, and protein in brain and a different pattern of altered amino acid composition in rats fed a low i.-phenylalanine diet suggest that such a diet does not produce the same damagEffects of high and low phcnylalaninc intake 333 ing effect in brain metabolism as does a high L-phenylalanine diet.
The changes reported with high i.-phenylalanine administration occurred in rats at a time of completed brain development and only after 2 weeks of high phenylalanine levels in blood. If these findings can be related to children with PKU, it would seem to indicate that discontinuing the low L-phenylalanine diets and allowing elevated blood levels of phenylalanine might be harmful to the human brain at any age.
Summary
Total RNA, DNA, protein, and amino acid composition in brain has been studied in rats fed high and low phenylalanine intakes, and the results have been compared with controls.
The results indicated that rats initially fed a high phenylalanine diet at an age after complete brain maturation had developed show changes in amino acid composition of the brain. The content of RNA and protein in brain were diminished when compared with controls; levels of DNA were not significantly changed. A low phenylalanine diet did not produce any changes in DNA, RNA, and protein and only minor changes in amino acid composition in brain. Possible biological significance of these findings is discussed.
